The NMR chemical shifts and indirect spin-spin coupling constants of 12 molecules containing 29 Si, 73 Ge, 119 Sn and 207 Pb (X(CCMe) 4 , Me 2 X(CCMe) 2 and Me 3 XCCH) are presented. The results are obtained from non-relativistic as well as two-and four-component relativistic density functional theory calculations. The scalar and spin-orbit relativistic contributions as well as the total relativistic corrections are determined. The main relativistic effect in these molecules is not due to spin-orbit coupling, but rather to the scalar relativistic contraction of the s-shells. The correlation between the calculated and experimental indirect spin-spin coupling constants showed that the four-component relativistic density functional theory (DFT) approach using the hybrid exchange-correlation functional PBE0 gives results in good agreement with experimental values. The indirect spin-spin coupling constants calculated using the spin-orbit zeroth order regular approximation (SO-ZORA) together with the hybrid PBE0 functional and JCPL basis sets are in good agreement with the results obtained from the four-component relativistic calculations. For the coupling constants involving the heavy atoms, the relativistic corrections are of the same order of magnitude compared to the nonrelativistically calculated results. Based on the comparisons of the calculated results with available experimental values, the best results for all the chemical shifts and non-existing indirect spin-spin coupling constants for all the molecules are reported, hoping that these accurate results will be used to benchmark future DFT calculations. The present study also demonstrates that the four-component relativistic DFT method has reached a level of maturity that makes it a convenient and accurate tool to calculate indirect spin-spin coupling constants of 'large' molecular systems involving heavy atoms.
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I. INTRODUCTION
Nuclear Magnetic Resonance (NMR) is a powerful spectroscopic technique that provides detailed information that are important for chemical structure studies. The NMR chemical shifts and spin-spin coupling constants can be determined using either experimental techniques or highly accurate computational approaches.
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In the latter case, the NMR shielding tensor of nucleus A (σ A ) is expressed as the second derivative of energy with respect to the nuclear magnetic dipole moment ( µ A ) and the applied external magnetic field, B:
3,5,6
which is then used to predict the chemical shifts (δ A ) as the differences between the absolute shielding constant of a reference compound and the calculated absolute shielding constants of each nucleus of interest in a molecule. The reduced nuclear spin-spin coupling constant K involving two nuclei A and B is obtained from:
where µ A and µ B are the nuclear magnetic dipole moments of nuclei A and B, respectively. The reduced nuclear spin-spin coupling constant K is converted to the a) Corresponding Email: taye.b.demissie@uit.no indirect spin-spin coupling constant J using the gyromagnetic ratios of the nuclei A and B.
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There have been significant advances in the development of method for calculating absolute shielding and indirect spin-spin coupling constants. 3, 5, 6 At the fourcomponent level of theory, the first Dirac-Hartree-Fock (DHF) calculations of indirect spin-spin coupling constants were reported by Visscher and coworkers, 7 whereas the first four-component relativistic DFT implementation of indirect spin-spin couplings was reported by Repisky and coworkers. 8 These methods provide accurate NMR parameters for molecules involving heavy atoms (see for instance Refs.
9-13 ), making them promising and appropriate methods for the study and spectral interpretation of such molecules. However, much work in the area of application of these methods remains to be done, especially for medium-and large-size molecules involving heavy atoms.
The spin-orbit zeroth order regular approximation (SO-ZORA) has been shown to be an efficient approach for the calculation of NMR parameters of molecules involving heavy atoms. 14, 15 However, the use of full fourcomponent relativistic DFT approaches becomes very important to get accurate results. [11] [12] [13] 16, 17 In this aspect, the ReSpect program package 18 is among the efficient four-component relativistic approaches for the calculation of chemical shielding constants 19, 20 and indirect spin-spin coupling constants.
8
Comparison of two-and four-component relativistic methods for the calculation of spin-spin coupling and shielding constants showed that spin-orbit contributions are dominant for the absolute shielding constants, 11-13,17,21 whereas scalar effects are found to be dominant for the spin-spin coupling constants due to the relativistic increase of density and spin-density at the position of the nucleus. [22] [23] [24] A study of the indirect nuclear spin-spin coupling constants of MH 4 (M = C, Si, Ge, Sn, Pb) and Pb(CH 3 ) 3 H using relativistic four-component DFT calculations indicated that the main relativistic effect in these molecules is not due to the spin-orbit coupling but rather to the scalar relativistic contraction of the s-shells. 25 The calculated results for the same MH 4 molecules (except PbH 4 ) using perturbative first-order spin-orbit corrections also showed that the spin-orbit corrections are small. 26 Overall, the inclusion of relativistic effects in the calculation of NMR parameters is very important even for qualitatively correct results. This is especially important for spin-spin coupling constant since it depends on the behavior of the wave function in the close vicinity of the nuclei.
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In the present work, the periodic trends and properties of the chemical shifts and indirect spin-spin coupling constants of 12 tetrahedral molecules of silicon, germanium, tin and lead alkynyl compounds (X(CCMe) 4 207 Pb, and Me = CH 3 ) were examined using nonrelativistic and two-and four-component relativistic approaches. The main objectives of the study are: (1) to study the periodic trends of the two NMR parameters using different computational approaches, (2) to analyze the relativistic effects and, (3) to present new, accurate, and benchmark quality results for the non-existent NMR parameters. Moreover, so far, four-component relativistic spin-spin coupling constant calculations have been successfully performed for small and medium size molecules (see for instance Refs 9, 21 ). In the present work, two molecules with 110 atoms (shown in Fig. 1 ), in addition to the above twelve molecules, were considered for the calculation of indirect spin-spin coupling constants through one and two bonds, and to compare the calculated results with the corresponding experimental values. 
II. COMPUTATIONAL DETAILS
The molecular geometries were optimized using the spin-orbit zeroth-order regular approximation (SO-ZORA) 14, 15 as implemented in the Amsterdam Density Functional (ADF, version 2016.103) program package 27 together with the hybrid PBE0 exchange-correlation functional, 28 Grimme's dispersion correction, 29 and the all-electron triple-ζ double polarized (TZ2P) Slater-type basis sets optimized for ZORA computations. 30 All optimized structures were confirmed to be real minima by performing frequency calculations at the same level of theory.
The NMR chemical shifts and spin-spin coupling constants were calculated using the four-component DiracKohn-Sham (DKS) relativistic Hamiltonian as implemented in a development version of the ReSpect 18 program package. The PBE 31 and PBE0 28 exchangecorrelation functionals together with Dyall's relativistic all-electron core-valence triple-ζ (dyall-cvtz) basis sets 32 were used in these four-component relativistic DFT calculations. To study the basis sets dependence, the Dyall's relativistic all-electron core-valence quadruple-ζ (dyallcvqz) basis sets 32 were also used. The non-relativistic results were obtained by scaling the speed of light by a factor of 100. To get the scalar relativistic results, in the perturbation-free calculations, all the SO integrals were omitted, while all the four-component operators in the response calculations are kept (see Refs.
11,33,34 for more details). The finite-size Gaussian-type model was used for the nuclear charge distribution, whereas the pointtype model was employed for the magnetic moment.
The restricted magnetic balance scheme was used for the calculations of the NMR parameters in the ReSpect program package. 19, 20 The spin-orbit contributions (∆SO) were calculated as the difference between the full four-component relativistic DFT calculations and the calculations with SO effects removed as described above; whereas the scalar relativistic contributions (∆SC) were calculated as differences between the calculations with SO effects removed and the non-relativistic calculations. The relativistic corrections (∆rel) were estimated as the difference between the full four-component relativistic (DKS) and the non-relativistic (NR) values, all obtained using the PBE0 exchange-correlation functional and the dyall-cvtz basis sets.
The two-component relativistic absolute shielding and indirect spin-spin coupling constants were calculated based on the SO-ZORA-DFT approach using the NMR and CPL spin-spin coupling modules, [35] [36] [37] respectively, of the ADF program. 27 The hybrid PBE0 functional together with the TZ2P basis set was used for the SO-ZORA calculations. Additional calculations for the molecules containing lead and platinum were performed using the JCPL basis set. 38 This basis set combined with the SO-ZORA Hamiltonian and hybrid functionals has been shown to provide results in good agreement with experimental values. 38, [47] [48] [49] These JCPL basis sets are available for only 20 atoms, and hence, such calculations were limited to the lead and platinum complexes. However, additional calculations were performed by us-ing the JCPL basis sets for the other atoms (H, C, P, Cl) while keeping the TZ2P basis sets for Si, Ge, Sn and Pd. The gauge-including atomic orbitals (GIAO) 39, 40 were employed to ensure origin independence for all the absolute shielding constant calculations performed in both the ADF and ReSpect program packages. The solvent effects were predicted using the conductor-like screening model (COSMO) 41 together with benzene as a solvent for the molecules of Si, Ge, Sn and Pb, whereas acetonitrile solvent was used for the Pd and Pt complexes, in both cases similar to the solvents used in the experimental measurements. The following nuclear g-factors were used wherever required: 5 
III. RESULTS AND DISCUSSION

A. Chemical Shifts
The chemical shifts of the carbon atoms bonded to the X-atoms (X = 29 Si, 73 Ge, 119 Sn, 207 Pb) are presented in Table I . Unsurprisingly, the relativistic effects on the chemical shifts of the carbon atoms increase as the Xatoms become heavier (heavy atom effects on the light atoms, HALA 43, 44 ). This is more pronounced for the sp 3 hybridized carbon atoms than the sp hybridized ones. For example, the net relativistic correction for the sp hybridized carbon atom attached to lead in Me 2 Pb(CCMe) 2 is 9.71 ppm, whereas it is 25.60 ppm for the methyl carbon atom.
Comparing the scalar and spin-orbit contributions of the carbon atoms shows that in few cases the former is dominant and able to reproduce major parts of the relativistic effects, see Table I . For instance, ∆SC of the carbon atom bonded to tin in Sn(CCMe) 4 is -14.84 ppm, whereas ∆SO is 3.53 ppm. In most cases, the two contributions cancel each other. For instance, the scalar relativistic contribution to the chemical shift of the carbon atom bonded to lead in Pb(CCMe) 4 is -16.11 ppm, whereas that of the spin-orbit contribution is 13.45 ppm, leaving a net relativistic correction of -2.66 ppm. The ∆SO contribution to the chemical shifts of the methyl carbon atoms attached to lead in Me 2 Pb(CCMe) 2 is 8.1% and the remaining 91.9% is the scalar contribution, whereas they are 0.40% and 99.6%, respectively, in Me 3 PbCCH. The comparison of the results obtained using dyall-cvtz and dyall-cvqz basis sets shows that the dyall-cvtz basis set gives converged results. Considering the size of the basis sets, the results obtained from the DKS/PBE0/dyall-cvqz calculations should be the most accurate chemical shifts for all molecules. Benchmarking the calculated chemical shifts obtained using the different methods listed in Table I with the DKS/PBE0/dyallcvqz results show that, in most cases, the PBE functional underestimates the 13 C chemical shifts. This is true also for the SO-ZORA/PBE0 calculated results.
The chemical shifts of the X-atoms (X = 29 Si, 73 Ge, 119 Sn, 207 Pb) are listed in Table II . The non-relativistic and relativistic results obtained using the PBE0 functional are close to each other for the light atoms, whereas the differences increase as the atoms become heavier. For instance, the 29 Si chemical shift in Si(CCMe) 4 calculated using NR/PBE0/dyall-cvtz is -102.67 ppm and -102.75 ppm using DKS/PBE0/dyall-cvtz, a change by only 0.08%. These chemical shifts for The spin-orbit contributions to the chemical shifts of the X-atoms in X(CCMe) 4 molecules are small compared to the scalar contributions. However, in the other two groups of molecules, they largely cancel each other. For example, ∆SC of lead in Me 2 Pb(CCMe) 2 is -98.50 ppm d ∆SC is scalar relativistic contribution obtained from the difference between SC/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results. e ∆SO is the spin-orbit contribution obtained from the difference between the DKS/PBE0/dyall-cvtz and SC/PBE0/dyall-cvtz results. f ∆rel is the relativistic correction obtained from the difference between the DKS/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results. a ZORA stands for the SO-ZORA results calculated using the ADF program package. b SC stands for the scalar relativistic results calculated using the ReSpect program package by scaling the spin-orbit contribution to zero.
c ∆SC is scalar relativistic contribution obtained from the difference between SC/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results. d ∆SO is the spin-orbit contribution obtained from the difference between the DKS/PBE0/dyall-cvtz and SC/PBE0/dyall-cvtz results. e ∆rel is the relativistic correction obtained from the difference between the DKS/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results.
whereas ∆SO is 78.38 ppm, making a net ∆rel of -20.12 ppm. Figure 3 compares the two contributions with the net relativistic corrections for the tin and lead nuclei. One can see that the net relativistic correction and the scalar contribution are in most cases close to each other. This is more pronounced for the lead atoms. For example, ∆SC of lead in Pb(CCMe) 4 is 98.9% whereas ∆SO is only 1.1% of ∆rel.
B. Indirect Spin-Spin Coupling Constants
The calculated 1 J XC (X = Table III 35 Hz, whereas that of the spin-orbit contribution is -90.28 Hz. For the same coupling constant, the net relativistic correction is 858.07 Hz, which is close to the non-relativistic value of 906.60 Hz. Overall, the scalar contributions are dominant over the spin-orbit contributions, which could be due to the low s character of the X-C bonds, in agreement with previous theoretical studies. 25, 26, 46 Table III also shows that the net relativistic correction in most of the molecules is negative, reducing the coupling constants. Even though the ∆SO contributions are small, it is important to consider both the scalar and spin-orbit contributions in order to get accurate results.
The calculated n J XH (n = 2 -4) using different methods together with available experimental values are listed in Table IV 25 showed that the total relativistic correction to the spin-spin coupling constants is positive. In the present study, the net relativistic corrections in most of the molecules is negative which tend to reduce the coupling constants.
In Table V , the calculated and available experimental n J XC (n = 2, 3) are listed. The relativistic corrections to the coupling constants through two bonds are larger than those through three bonds. For the n J PbC coupling constants, in some cases, the relativistic corrections are close to the experimental spin-spin coupling constants. For example, the non-relativistic 3 J Pb,CH3 in Pb(CCMe) 4 is 17.59 Hz, and ∆rel is 22.42 Hz, whereas the experimental value is 30.5 Hz.
C. Comparison with Experiment
Experimental chemical shifts for all the molecules studied in this paper are not available for comparison. However, there are experimental spin-spin coupling constants for some of the molecules. Therefore, in this section, the calculated indirect spin-spin coupling constants using different methods are compared with available experimental values. The DKS/PBE0 calculated 1 J XC indirect spin-spin coupling constants satisfactorily reproduce the corresponding experimental values (see Table III ). For instance, the DKS/PBE calculated 1 J SnC in Sn(CCMe) 4 is -1033.64 Hz (underestimated by 11.5%) whereas it is -1223.66 Hz using DKS/PBE0 (overestimated by 4.8%). The latter result is in good agreement with the experimental value of -1168.0 Hz. The only exception in this aspect is the 1 J PbC in Me 2 Pb(CCMe) 2 which is not reproduced by any of the methods. The SO-ZORA calculations performed in benzene as solvent (the solvent used for the experimental measurements, see Tables Sup I -III  of the Supplementary Material) showed a solvent effect correction of -137.89 Hz; adding this to -3.40 Hz, obtained from DKS/PBE0/dyall-cvtz calculation, gives -141.29 Hz which is still far from the experimental value of 208 Hz. This could happen if the response of the spin-density due to the Fermi-contact operator on Pb changes its sign (crosses the zero plane). In addition, rovibrational effects could be very important for this specific coupling constant. To assess this, the 1 J PbC coupling constants were calculated by varying the Pb-C bond length. The results are plotted in Figure 4 . d ∆SC is scalar relativistic contribution obtained from the difference between SC/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results. e ∆SO is the spin-orbit contribution obtained from the difference between the DKS/PBE0/dyall-cvtz and SC/PBE0/dyall-cvtz results. f ∆rel is the relativistic correction obtained from the difference between the DKS/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results.
tremely difficult to calculate the rovibrational corrections for a molecule with many geometrical constraints and the disagreement between this calculated and experimental 1 J PbC spin-spin coupling constant of Me 2 Pb(CCMe) 2 will remain unsolved.
The n J XH results for the X(CCMe) 4 molecules are better reproduced using the PBE functional (see Table IV ). For example, the calculated 4 J Sn,CH3 in Sn(CCMe) 4 using PBE0 is 26.68 Hz, whereas it is 17.57 Hz using PBE, which is comparable to the experimental value of 17.0 Hz. For the other two sets of molecules, the PBE0 functional satisfactorily reproduced the indirect spin-spin coupling constants. The calculated 2 J Sn,CH3 in Me 2 Sn(CCMe) 2 using PBE is 56.90 Hz, whereas it is 68.19 Hz using PBE0, which is very close to the experimental value of 68.8 Hz (see Table IV ).
The non-relativistically calculated results for the spinspin coupling constants involving tin and lead are far from the experimental values (see Figure Sup I of the Supplementary Material). From Figure Sup I , one can also see that the inclusion of only scalar relativistic corrections gives satisfactory results for the molecules studied. However, very accurate results are obtained when using the full four-component relativistic approach, indicating the importance of including both relativistic contributions. The results obtained from SO-ZORA calculations are also not satisfactory compared to the full fourcomponent results. This is mainly due to the approximate nature of the ZORA Hamiltonian and inadequacy of the TZ2P basis sets for the calculation of spin-spin coupling constants. To confirm the latter, additional calculations were performed using the JCPL basis sets (especially designed basis sets, of TZ2P quality and containing additional high-exponent functions for added flexibility to describe the spin density very close to the nuclei, for NMR spin-spin coupling calculations), 38,47 presented in Table VII for the lead and platinum complexes. The results calculated using TZ2P basis sets for Si, Ge, Sn and Pd while keeping the JCPL basis sets for the other atoms are presented in Tables Sup V -VIII of the Supplementary Material. Table VII shows that the couplings obtained using the JCPL basis sets are in better agreement with the four-component relativistic results compared to those obtained using SO-ZORA/PBE0/TZ2P. Moreover, the JCPL basis set results are also in better agreement with the experimental spin-spin coupling constants compared to the results obtained with the TZ2P basis sets, especially for the coupling constants through one bond, in agreement with previous theoretical studies. 38, [47] [48] [49] However, the results obtained from the calculations performed using TZ2P basis sets for Si, Ge, Sn and Pd while keeping the JCPL basis sets for H, C, P and Cl are in poor agreement with both the experimental results as well as the four-component results (see Tables TABLE IV. n JXH (X = c SC stands for the scalar relativistic results calculated using the ReSpect program package by scaling the spin-orbit contribution to zero.
d ∆SC is scalar relativistic contribution obtained from the difference between SC/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results. e ∆SO is the spin-orbit contribution obtained from the difference between the DKS/PBE0/dyall-cvtz and SC/PBE0/dyall-cvtz results. f ∆rel is the relativistic correction obtained from the difference between the DKS/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results.
Sup V -VIII of the Supplementary Material).
The correlations between the calculated and experimental results presented in Figure 5 show that the hybrid PBE0 exchange-correlation functional together with the full four-component relativistic approach reproduces the experimental results with an R 2 value of 0.983 and standard error of 10.750 Hz, much better than the PBE functional which gave an R 2 value of 0.927 and standard deviation of 17.348 Hz.
Previous studies showed that solvent effects play an important role for the accurate prediction of spin-spin coupling constants. [50] [51] [52] [53] [54] The solvent effect corrections obtained from SO-ZORA/PBE0 calculations improved the agreement between the calculated and the experimental results. In most cases, the solvent effects are very considerable for the coupling constants involving tin and lead (see Table Sup I -III of the Supplementary Material; especially those between the sp hybridized carbon atoms and the heavy atoms).
FIG. 5.
Correlation between the calculated (DKS/PBE/dyall-cvtz and DKS/PBE0/dyall-cvtz) and available experimental spin-spin coupling constants.
Finally, the four-component relativistic approach was used to calculate the indirect spin-spin coupling constants of two 'large' molecule (both with 110 atoms involving palladium and platinum, see Fig. 1 for the d ∆SC is scalar relativistic contribution obtained from the difference between SC/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results. e ∆SO is the spin-orbit contribution obtained from the difference between the DKS/PBE0/dyall-cvtz and SC/PBE0/dyall-cvtz results. f ∆rel is the relativistic correction obtained from the difference between the DKS/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results. structures). The results for these two molecules are listed in Table VI . The comparison of the PBE and PBE0 functionals shows that PBE0 reproduces the experimental results. Further improvements were obtained by adding solvent effect corrections predicted using SO-ZORA/PBE0/acetonitrile calculations to the DKS/PBE0 calculated results. For instance, the 1 J PtP result obtained from the DKS/PBE0 calculation is 2024.08 Hz, whereas the solvent effect corrected result is 2038.51 Hz, to be compared with the experimental value of 2215 Hz. These results demonstrate that the fourcomponent relativistic method has reached a level of maturity that makes it a convenient and accurate tool for the calculation of indirect spin-spin coupling constants of 'large' molecules involving heavy atoms.
IV. CONCLUSIONS
In the present work, the chemical shifts and indirect spin-spin coupling constants of 12 molecules have been studied using non-relativistic, two-and four-component relativistic DFT calculations. The calculated indirect spin-spin coupling constants are compared with available experimental values. The full four-component relativistic approach together with the hybrid PBE0 exchangecorrelation functional gave the best agreement between the calculated and the experimental indirect spin-spin coupling constants. The predicted NMR parameters, for which experimental data are missing, are therefore reliable. The analysis of the scalar and spin-orbit contributions of the NMR parameters show that the main relativistic effect is due to scalar relativistic contraction of the s-shells, not due to the spin-orbit coupling. However, inclusion of both contributions is important for the quality of the results. The relativistic correction to both the chemical shifts and indirect spin-spin coupling constants are considerable, indicating the importance of using four-component relativistic approaches for the calculation of related NMR parameters. For the coupling constants involving the heavy atoms, the relativistic corrections are of the same order of magnitude compared to the non-relativistically calculated values. For the NMR parameter calculations of similar molecular systems involving heavy atoms, spin-orbit coupling gives only part of the relativistic effect and therefore a computational method that includes scalar relativistic effects is crucial. New accurate and reliable results are reported for all the chemical shifts and indirect spin-spin coupling constants that are not known experimentally.
It is important to mention that post-Hartree-Fock methods can provide better accuracy but at much higher computational cost. Since post-Hartree-Fock methods are presently limited to smaller molecular systems, they a Since the molecule is large, the Dyall-vdz and Dyall-vtz basis sets were used instead of the cvtz and cvqz basis sets, respectively, for the DKS calculations. b Is coupling between the second nucleus and P trans P. c Is coupling between the second nucleus and P trans Cl.
are not considered in this work. Moreover, the indirect spin-spin coupling constants calculated using the SO-ZORA Hamiltonian together with the hybrid PBE0 functional and JCPL basis sets are in good agreement with the results obtained from the four-component relativistic DFT calculations. The present study also demonstrates that the four-component relativistic method has reached a level of maturity that makes it a convenient and accurate tool to calculate indirect spin-spin coupling constants of large molecules involving heavy atoms.
V. SUPPLEMENTARY MATERIAL
See supplementary material for additional results of both the chemical shifts and indirect spin-spin coupling constants as well as the optimized geometries of all molecules.
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